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The progress in quantum operations of continuous-variable (CV) schemes can be reduced to that
in CV quantum teleportation. The fidelity of quantum teleportation of an optical setup is limited
by the finite degree of quantum correlation which can be prepared with a pair of finitely squeezed
states. Reports of improvement of squeezing level have appeared recently, and we adopted the
improved methods in our experimental system of quantum teleportation. As a result, we teleported
a coherent state with a fidelity F = 0.83 ± 0.01, which is better than any other figures reported
to date. In this paper, we introduce a measure ns, the number of teleportations expected to be
carried out sequentially. Our result corresponds to ns=5.0±0.4. It suggests that our improvement
would enable us to proceed toward more advanced quantum operations involving multi-step quantum
operations.
Quantum teleportation is a quantum operation in
which one can send an arbitrary quantum state to an-
other party by making use of the quantum correla-
tion called quantum entanglement and classical chan-
nels between the sender and the receiver. More than
that, progress in the operations of quantum states in
continuous-variable (CV) schemes can be reduced to
those in CV quantum teleportation [1], which can be
regarded as one of the most fundamental quantum op-
erations [2, 3, 4, 5]. Measurement-based quantum com-
putation with cluster states [6, 7], and a cubic phase
gate [8] which involves four-time sequential teleportation
[9] can be taken as examples. Therefore quantum tele-
portation of high quality is essential to build advanced
quantum operations which involve multi-step quantum
operations.
The optical scheme of CV quantum teleportation was
proposed by [10], in which squeezed states are used as a
source of entanglement. Squeezed states can be gener-
ated optically via parametric down-conversion [11].
In order to evaluate quantum teleportation, we intro-
duce the fidelity as F = 〈Ψin|ρout|Ψin〉 for a coherent
state input. It can be derived as
F =
1
1 + ne−2r
, (1)
where r is the squeezing parameter of an entanglement
resource and n is the number of sequential teleportations
[12].
Eq.(1) shows that fidelity cannot reach F = 1
due to the finite squeezing level, or finite degree of
quantum entanglement, the so-called Einstein-Podolsky-
Rosen (EPR) correlation [13]. With r = 0, that is with-
out entanglement, and n = 1, the fidelity is F = 1/2
which can be taken as the classical limit [14, 15, 16].
We define a figure ns as another measure than fidelity
here. It signifies how many times teleportations are ex-
pected to be achieved sequentially. ns is defined so that
it satisfies 1/2 ≡ 1/(1 + nse−2reff ). Note that F=1/2 is
the threshold of the success of teleportation. reff is the
effective squeezing parameter defined with an experimen-
tal fidelity as Fexp = 1/(1 + e
−2reff ). Hence, ns can be
expressed as
ns =
1
e−2reff
=
Fexp
1− Fexp . (2)
This figure has more explicit meaning than the fidelity
when advanced quantum operations are considered.
From eq.(1), higher fidelity is expected with higher
squeezing level. In [17], the first report of overcoming the
classical limit, the fidelity was F = 0.58 which could not
reach ns = 2. Several reports of higher fidelity followed
later [3, 4, 5, 18, 19]. For instance, Takei et al. [3] and
Yonezawa et al. [4] reported the fidelity F = 0.70. The
former demonstrated entanglement swapping and the lat-
ter reported sequential teleportation which could be ex-
pected from eq.(1), which predicts a teleporter with their
fidelity surpasses ns = 2. The highest fidelity F = 0.76
has appeared in [5] recently, in which teleportation of a
squeezed state was demonstrated as a result of this high
fidelity. This fidelity corresponds to ns = 3.1.
Meanwhile, observations of a single highly squeezed
state have been reported [12, 20, 21, 22] in which the
improvements are ascribed mainly to two ideas.
One lies in the reduction of losses in optical parametric
oscillator (OPO) cavities which are used for the genera-
tion of squeezed states. It can be achieved by changing
the nonlinear optical medium for production of squeezed
states from KNbO3 to periodically poled KTiOPO4 (PP-
KTP) [12, 20]. KNbO3 is well known for its high nonlin-
earity and was reported to generate −6dB squeezing [23].
It is, however, also known to show blue-light-induced in-
frared absorption (BLIIRA) [24] which causes high intra-
cavity loss. On the contrary, PPKTP does not show such
characteristics. As a result of the change of the crystal,
the remarkable improvements of the squeezing level have
been reported. For example, the observation of −7.2dB
2squeezing was shown in [12]. This encouraged the use of
PPKTP in [4, 5] and in our experiment as well.
Second, fluctuation of a relative phase between a
squeezed state and a local oscillator causes a deteriora-
tion of squeezing by contamination with antisqueezing
[20]. In [21], the phase fluctuations were reduced in ad-
dition to the small loss of PPKTP to obtain a higher
squeezing level that reached −9.0dB. The reduction of
the phase fluctuation was achieved with high oscillation
frequency of the feedback loops. Recently, as much as
-10dB squeezing was obtained [22]. These authors also
pointed out the importance of phase stability.
In spite of these results, such high squeezing has not
been utilized in practical quantum operations, which are
much larger and more difficult to control than simple
experiments on the measurement of a squeezing level.
Even in [5], which reported the highest fidelity to date,
the effective squeezing level was a little below -6dB.
In our experiment, we tried procedures based upon the
ideas described above so that the experimental setup of
quantum teleportation would be with as little losses and
phase fluctuations as possible. In this paper, we show a
result of F = 0.83± 0.01 with these trials.
From a practical point of view, it is better to use ns in-
stead of fidelity here to compare our result with previous
work. From eq.(2), our result is ns=5.0±0.4. Hence, the
improvement from the fidelity with ns = 3.1 (equivalent
to F=0.76 of [5]) to ours is comparable to the one from
the classical limit (ns=1) to F=0.76. This means that
our improvement is equivalent to all progresses reported
so far in terms of ns.
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FIG. 1: Experimental setup of quantum teleportation. OPOs
are optical parametric oscillators. EOMs are electro-optical
modulators. Other mirrors than those labeled as 0.5%T are
half-beam splitters. Mirrors of 0.5% transmittance are used
for displacements. LOs are local oscillators for the homodyne
measurements. The output signal of Victor’s homodyne mea-
surement goes to spectrum analyzer(SA).
In this experiment, a quantum state of the electro-
magnetic field is used and can be represented by the
annihilation operator aˆ. It can also be expressed with
Hermite operators, xˆ and pˆ, as aˆ = xˆ + ipˆ. Here,
these two operators satisfy the commutation relationship
[xˆ, pˆ] = i/2(unit-free, with ~=1/2) and can be taken as
phase and amplitude quadrature operators of the electro-
magnetic field.
The experimental system is shown in brief in figure 1.
A continuous-wave Ti:sapphire laser (Coherent MBR110,
λ=860nm) is used as a light source. Smaller optical sys-
tems are expected to get more robust against fluctuation
from the outside. In order to make a stable setup, it is
built as compactly as possible. The optical lengths from
the OPOs to the homodyne detectors are shorter than 1
m. The beam height is set as low as 2 in. also for better
stability.
In order to obtain the resources of entanglement,
namely, a pair of squeezed states, two OPOs are used.
PPKTP crystals are used as nonlinear optical media.
The OPOs are pumped by second harmonic light which
is generated from a cavity which contains KNbO3 as a
nonlinear medium. The pump beams are 105mW for one
of the OPOs and 140mW for the other. The difference in
pump power is due to individual differences of the crys-
tals in their nonlinearities, and the parametric gains of
each OPOs are set almost the same with these pump
powers.
Weak coherent beams are also injected into the two
OPOs. The output beams are used for locking the rela-
tive phase of the interfering beams. The output powers
are set as weak as 2µW to avoid obstruction of homo-
dyne detection. We call them the probe beams. Phase
modulations of 138 and 207kHz, respectively, are applied
to them with piezo-electric transdusors (PZTs) for the
locking.
The lockings involve feedback loops which consist of a
photodetector, a servo amplifier, and a PZT. It is impor-
tant to reduce the phase delay of the signal in the loop in
order to increase the oscillation frequency. The greater
the oscillation frequency the feedback loop gets, the more
feedback gain we can apply to reduce phase fluctuation.
In the loops, the PZTs are the most crucial compo-
nent in the phase variance and they should be selected
with much care. According to [21], the multilayered
PZTs show better behavior in the feedback bandwidth
than single-layer ones, and the PZTs offered by Thorlabs
(AE0203D04) are shown. In fact, that type also attains
the best performance in our experiment among all types
we have tried. Other than that, we use small and light
mirrors on the PZTs to make their response faster. The
mirrors have a 1/2 in. diameter and 1.5 mm thickness,
while other mirrors, which are not mounted on PZTs,
have a 1 in. diameter and 6.35 mm thickness.
After preparation of the squeezed states, they are com-
bined at a half beam splitter (HBS) with pi/2 relative
phase to make entangled EPR beams. They are sent to a
sender Alice and a receiver Bob, respectively. Alice com-
bines her EPR state and the input state with a HBS. This
transformation can be expressed as xˆu = (xˆin − xˆA)/
√
2
and pˆu = (pˆin + pˆA)/
√
2. Then, she measures xˆu and
pˆv by homodyne measurements. Bob receives the results
from Alice through classical channels to displace his state
in the phase space and obtains the output state. Finally,
a verifier Victor evaluates the output state with homo-
dyne detection and sends the obtained signal to a spec-
3trum analyzer which gives the variance.
In this experiment, 1.25MHz sidebands are assigned
as carriers of the quantum state. The bandwidth of the
OPOs is about 10MHz. Even though the squeezing level
of sidebands of higher frequency gets smaller, it is negligi-
ble around 1.25MHz (about 0.2dB from the calculation).
Moreover, the Ti:sapphire beam has a bandwidth of tens
of kilohertz, much smaller than MHz, and no harmon-
ics of phase modulations applied on the probe beams are
seen there. Otherwise, additional signals may contami-
nate the results of measurements. The method of dealing
with sidebands in quantum teleportation is described in
[5] and [25].
Therefore, the displacement can be done with
phase-modulated beams with electro-optical modulators
(EOMs). These beams are combined at a beam splitter
of 0.5% transmittance with Bob’s EPR state. One of the
beams is for the displacement of x and the other for p.
This transformation is expressed as xˆB → xˆB +
√
2gxxˆu
and pˆB → pˆB +
√
2gppˆv resulting in
xˆout = xˆin − (xˆA − xˆB) = xˆin −
√
2e−rxˆvac1 (3)
pˆout = pˆin + (pˆA + pˆB) = pˆin +
√
2e−rpˆvac2 (4)
with gx=gp=1. xˆvac1 and pˆvac2 are operators of vacuum
states. With infinite correlation, r → ∞, the output
state is identical to the input state.
It is also necessary to set the gain of the classical chan-
nels to unity, which is indispensable to send arbitrary
quantum states. This step can be achieved as follows. In
the beginning, a strong phase modulation is applied on
the probe beam. The phase modulation signals are sent
to every party and Bob’s signal is canceled via the classi-
cal channel. The intensities of electric signals applied on
the EOMs are adjusted by variable attenuators in order
to set the gains. These attenuators can change the atten-
uation with a 0.1dB step. We call this step cancellation.
Note that no pump beams are injected into the OPOs in
this step, therefore no entanglement (r = 0) is involved
in the cancellation.
Figure 2 obtained from Victor’s homodyne detection
shows a cancellation of 37.4dB for x and 37.0dB for p,
which gives gx = 1.00 ± 0.01 and gp = 1.00 ± 0.01. It
results in the capability of teleportation of coherent am-
plitude up to +37dB. Since the cancellation at frequen-
cies other than 1.25MHz corresponds to “classical” tele-
portation for a vacuum input, the noise floor of figure 2
increases by 4.77dB (three units of vacuum). It can be
obtained with (xˆin, pˆin) = (xˆvac, pˆvac) and r=0 in eqs.(3)
and (4).
The final step is the measurement of the output state.
As for fidelity, Eq.(1) is used as the definition and is
defined for a coherent state input. A coherent state is
a gaussian state which can be fully described with its
amplitude and the variances of its quadratures.
As can be seen from eqs.(3) and (4), the variance of
an output state would be larger than that of an input
state due to the finite degree of EPR correlation. With
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FIG. 2: The result of the cancellation. The left one is for x
quadrature and the other for p quadrature. The noise level
after cancellation should be 3 times as much as shot noise
level as shown. The resolution bandwidth was 10kHz and all
data were averaged for 20 times with 300ms of sweep time.
g = 1, the complex amplitude of an output state is the
same as that of an input state. Therefore, in quantum
teleportation of a coherent state, only the variances of the
quadratures of the output state, σoutx and σ
out
p , should be
obtained to evaluate quantum teleportation. The fidelity
can be expressed as
F =
2√
(1 + σoutx )(1 + σ
out
p )
,
(5)
where σoutx and σ
out
p are normalized using a coherent state
[3, 4].
Hence, it is enough in the experiment to teleport one
of the coherent states if gx = gp = 1 is assured. This
condition is warranted by the step of cancellation.
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FIG. 3: The result of the measurement of the output state
with g=1. (1) is shot noise level, (2)(solid line) is the vari-
ance of x quadrature of the output state and (3)(dotted) is
of p quadrature. The measurement frequency was 1.25 MHz,
resolution bandwidth was 10kHz and video bandwidth was
100Hz with 300ms of sweep time. (1) was averaged for 100
times and (2) and (3) was for 50 times.
We choose a vacuum state as the input state, which is
a coherent state with its amplitude equal to zero. The
result of the teleportation is shown in figure 3. The mea-
sured variances of the quadratures are σoutx = +1.44±
0.11dB and σoutp = +1.49± 0.11dB, respectively, which
give a fidelity F = 0.83 ± 0.01 from eq.(5).
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FIG. 4: The dependence of σx and σp of the output state on
the gains of the classical channel, gx and gp. The theoretical
curves shows how output states changes when the gains are
tuned. This figure shows the good agreement between theo-
retical values and experimental results, which garantees the
result of figure 3 is surely at g=1.
We make it clear again that the precision of the unit
gain of the classical channels is indispensible for teleport-
ing arbitrary states. It should also be mentioned here
that, when a vacuum state is teleported, the observed
variances changes with a small change of the gain of the
classical channels. For example, if gx and gp had dropped
by as little as 0.01, the fidelity would have increased to
0.84. This is a fake increase and it is found that the
teleporter must give a precise gain also for an accurate
evaluation of fidelity.
Although the result of the cancellation satisfies this
requirement, we verify again that the gain was surely set
to g=1 to eliminate any possibility of drifts of the gain
after the cancellation. For the verification, teleportations
with various gains other than gx = gp=1 were also carried
out to obtain the result of figure 4. It shows such a
good agreement between the experimental results and
theoretical values that it also proves that the results were
obtained with unit gain. Therefore it can be concluded
that we have obtained the fidelity F = 0.83± 0.01.
The most dominant factor of our improvement is at-
tributed to the reduction of the phase fluctuation, which
can be explained by two changes already described.
First, the selection of the locking PZTs made the lock-
ing more rigid. The oscillation frequencies of the feedback
loops were more than 10kHz, which were comparable to
the results in [21].
Second, the experimental system was built compactly
to be stronger against disturbances from the outside. We
also used the least number of mirrors to avoid unexpected
imperfections such as optical losses and distortions of
gaussian modes.
How much each change contributed to the improve-
ment cannot be estimated easily, but phase fluctuation
of each locking was found to be suppressed to around 1◦,
which were as good as the result achieved in [21].
The squeezing and antisqueezing levels of the two
OPOs were also measured to be −7.1dB/+12.1dB and
−6.8dB/+12.8dB. These values are the observed correla-
tions of squeezed states split with the half beam splitter
which are sent to Alice and Bob, respectively. Hence, the
results include the effects of losses and phase fluctuations.
These values agree well with the effective squeezing level
−7.0dB obtained from eq.(1).
Even with these improvements, these squeezing levels
are apparently worse than the −9.0dB in [21]. This is due
to the larger total losses (about 11 %) than in the mea-
surement of a squeezed state (7 % in [21]). The greater
number of partial transmittance mirrors and worse visi-
bilities are responsible. In addition, more number of lock-
ings are needed, which makes the effect of anti-squeezing
worse. Therefore, the parametric gains were set smaller
(G+ = 9.0 and 11.2) than in [21] (G+ = 18.7) and the cal-
culation predicts that more parametric gain would give
almost the same fidelity in our experiment. It can be
calculated from the formulas in [20] that the squeezing
levels should be −7.6 and −7.8dB with 11% of total loss
and θ˜ = 1◦ for each phase fluctuation. The difference
from our result corresponds to merely 2 % loss.
The result is consistent with all the theoretical analysis
described above. It is predicted that the quality of quan-
tum teleportation can be improved even more through
solutions of the problems discussed above. It can be
achieved, for example, with more rigid locking with de-
tectors of higher signal-to-noise ratio and treatment of all
the cavity modes with more precision for better efficiency
of homodyne detection.
In conclusion, we succeeded in obtaining the fidelity
F = 0.83± 0.01 with a coherent state as an input state.
This achievement especially owes to the stabilization of
the experimental system, which is based on the ideas
of [21]. The figure ns, the number of how many times
teleportations can be carried out sequentially, was intro-
duced as another measure than fidelity. It is more mean-
ingful when multi-step quantum operations are imple-
mented. ns of our teleporter amounts to 5.0±0.4, and in
terms of ns, our improvement is comparable to the total
of all other previous improvements. It can be concluded
that the improvement in this experiment is promising for
progress in CV protocols toward more advanced quantum
operations in the near future.
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